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Gas-phase reactions of three typical carbanions CH2NO2
, CH2CN
, and CH2S(O)CH3
 with
the chloromethanes CH2Cl2, CHCl3, and CCl4, examined by tandem mass spectrometry, show
a novel hydrogen/chlorine exchange reaction. For example, reaction between the nitromethyl
anion CH2NO2
 and carbon tetrachloride CCl4 forms the ion CHClNO2
. The suggested
reaction mechanism involves nucleophilic attack by CH2NO2
 at the chlorine of CCl4 followed
by proton transfer within the resulting complex [CH2ClNO2  CCl3
] to form CHClNO2
 and
CHCl3. Two other carbanions CH2CN
 and CH2S(O)CH3
 also undergo the novel hydrogen/
chlorine exchange reactions with CCl4 but to a much smaller extent, their higher nucleophi-
licities favoring competitive nucleophilic attack reactions. Proton abstraction is the exclusive
pathway in the reactions of these carbanions with CHCl3. While CH2CN
 and CH2S(O)CH3

promote mainly proton abstraction and nucleophilic displacement in reactions with CH2Cl2,
CH2NO2
 does not react. (J Am Soc Mass Spectrom 2005, 16, 2045–2051) © 2005 American
Society for Mass SpectrometryNitromethyl, cyanomethyl, and dimethylsulfinylcarbanions (CH2NO2, CH2CN, andCH2S(O)CH3) are important reactive interme-
diates in organic chemistry. Due to the strong electron-
withdrawing effect of the nitro, cyano and sulfinyl
groups, the negative charge on carbon is delocalized
and the stability of these carbanions is enhanced
(Scheme 1). The nitromethyl anion CH2NO2
 is believed
to be involved in the Henry or nitroaldol reaction, [1] a
classic carbonOcarbon coupling reaction between an
alkylnitro compound bearing  hydrogens and a car-
bonyl compound. Dimethylsulfinyl carbanions have
been used in innumerable synthetic studies since Corey
and Chaykovsky reported the first preparation of the
dimethylsulfinyl carbanion in dimethyl sulfoxide
(DMSO) solution [2]. A recent NMR study [3] suggests
that the dimethylsulfinyl carbanion CH2S(O)CH3
 is
actually a tridentate nucleophile, i.e., it can behave as an
O-, S-, or C-nucleophile in organic reactions. Because of
this synthetic relevance, the study of the intrinsic chem-
istry of these carbanions in the gas phase is receiving
increased attention. DePuy et al. [4] found that nitro-
methyl anion CH2NO2
 fails to undergo H/D exchange
with deuterated methanol CH3OD but exchanges both
hydrogens with CF3CH2OD. Bartmess and coworkers
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doi:10.1016/j.jasms.2005.08.012[5] observed that Claisen condensation products are
formed in the reactions of CH2NO2
, CH2CN
, and
CH2S(O)CH3
 with HCO2CH  CH2 performed in an
ion cyclotron resonance spectrometer (ICR). Grabowski
and Zhang [6] examined the anion/molecule reactions
of CH2NO2
 and CH2CN
 with dimethyl disulfide.
While nitromethyl carbanion reacted slowly but com-
pletely to give CH3SCHNO2
 as the sole primary prod-
uct ion, cyanomethyl carbanion also underwent substi-
tution at sulfur. However, the reactivity of these
carbanions towards halogenated compounds, especially
haloalkanes, has seen little study although the gas-
phase ion/molecule reactions with neutral halometh-
anes have been extensively investigated by Grabowski
et al. [7], Knighton and Grimsrud [8], and Nibbering
and coworkers [9, 10]. Products arising from dissocia-
tive electron-transfer (DET), SN2 nucleophilic substitu-
tion, and proton abstraction reactions were observed.
In the condensed phase, the tetrahalogenated meth-
anes such as CCl4 are fairly unreactive toward the usual
nucleophilic agents and are often used as inert media in
organic synthesis. However, they are especially labile
toward the halogenophilic attack [11]. For instance, the
conversion of alcohols into the corresponding alkyl-
chlorides using CCl4 and PPh3 proceeds with chlorine
cation transfer from CCl4 to PPh3 to form an interme-
diate [Ph3PCl]
CCl3
 [12]. Examination of the reaction
of the free carbanions as nucleophiles with haloalkanes
is therefore desirable.
Hydrogen/chlorine exchange is quite a general phe-
nomenon in condensed-phase reactions and it is of
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2046 CHEN ET AL. J Am Soc Mass Spectrom 2005, 16, 2045–2051interest because it can offer a convenient means to
prepare chlorination products. The most common hy-
drogen/chlorine exchange reaction is the photo-
catalyzed chlorination of hydrocarbons with Cl2 gas,
which involves Cl· radical intermediates. However,
nonradical hydrogen/chlorine exchange reactions of
both negative and positive chlorine have been also
reported. Exchange of halogen and hydrogen between
organic halides such as t-butyl chloride and hydrocar-
bons such as 2-methlybutane under AlCl3 catalysis was
observed by Bartlett et al. [13]. The reaction was pro-
posed to begin with the formation of an ionic interme-
diate Me3C
·AlCl4
, subsequent deprotonation of
2-methylbutane by Me3C
 and then chloride Cl trans-
fer from AlCl4
 to the depronated 2-methylisobutane
(Scheme 2). A similar hydrogen/chlorine exchange re-
action between bicyclo [2,2,1]heptane and t-butyl chlo-
ride catalyzed by AlCl3 was later reported by Schmer-
ling, who found the chlorination product to be
2-chlorobicycle [2,2,1]heptane rather than 1-chlorobi-
cycle [2,2,1]heptane because the tertiary carbonium ion
is not stable (Scheme 3, eq 1) [14]. This kind of reaction
has been extended to boron compounds. Zakharkin
observed that refluxing carborane in CCl4 or CHCl3
under AlCl3 catalysis gave mono-, di-, and trichlorocar-
boranes with chlorine replacing hydrogen atoms in the
B10H10 moiety [15]. Kerrigan reported that the exchange
of hydrogen and chlorine atoms occurs in the course of
the interaction of boron trichloride and diborane to
yield monochlorodiborane and dichloroborane (Scheme
3, eq 2) [16]. Kondo developed a method for detection of
ScScheme 2intramolecularly hydrogen-bonded peptide NH groups
based on a hydrogen/chlorine exchange reaction with
reagents of positive chlorine, t-BuOCl or chlorine, and
proposed a positive chlorine transfer mechanism [17].
The present study investigates the ion/molecule
reactions of three typical carbanions CH2NO2
,
CH2CN
, and CH2S(O)CH3
 with the chloromethanes
CH2Cl2, CHCl3, and CCl4, and reports on a novel
gas-phase hydrogen/chlorine exchange reaction be-
tween nitromethyl anion CH2NO2
 and tetrachlo-
romethane CCl4. The reaction mechanism probably
involves nucleophilic attack of CH2NO2
 to a chlorine of
CCl4 followed by proton transfer within the resulting
complex [CH2ClNO2  CCl3
] to form CHClNO2
 and
CHCl3.
Experimental
Ion/molecule reactions were carried out on a Finnigan
TSQ-70 triple quadrupole mass spectrometer (Thermo
Finnigan, San Jose, CA). The mass-selected reactant ions
CH2NO2
, CH2CN
, and CH2S(O)CH3
 were generated
by negative chemical ionization (CI) of the neutrals
CH3NO2, CH3CN, and CH3S(O)CH3, respectively, us-
ing isobutane as the buffer gas. Ion/molecule reactions
were performed by mass selection of the precursor ion
of interest in Q1, reaction with neutral reagent in Q2,
and product ion mass analysis using Q3 to monitor
product ions. The collision energy, given as the voltage
difference between the ion source and the collision
quadrupole, was nominally 0 eV for ion/molecule
reactions and 10 eV for collision-induced dissociation
(CID). All compounds were commercially available and
used without further purification.
1Scheme 3
2047J Am Soc Mass Spectrom 2005, 16, 2045–2051 HYDROGEN/CHLORINE REACTIONS OF GASEOUS CARBANIONSOptimized geometries and energies of idealized con-
formations were obtained by density functional theory
(DFT) calculations using the B3LYP/6-311G(d,p) basis
set as implemented in Gaussian 2003 program [18]. The
zero-point vibrational energies were scaled by a factor
of 0.9806 [19, 20] and incorporated into the final total
energy calculations.
Table 1. Major ionic products of the ion/molecule reactions bet
Reagents
Ions (m/z) Neutral H/Cl exchange C
CH2NO2
 (60) CH2Cl2 —
a
CHCl3 —
CCl4 CHCINO2
 (94) C
CH2CN
 (40) CH2Cl2 —
CHCl3 —
CCl4 CHClCN
 (74)b C
CH2SOCH3
 (77) CH2Cl2 —
CHCl3 —
CCl4 CHClS(O)CH3
 (111)b C
aNot observed.
bVery weak.
Figure 1. Product ion mass spectra for ion/m
CD2NO2
 of m/z 62 with CCl4 at nominally 0 eV colliResults and Discussion
Table 1 summarizes the results of the reactions of the
three carbanions with the chloromethanes CH2Cl2,
CHCl3, and CCl4. Figure 1a displays the product ion
mass spectrum for reactions of nitromethyl anion
CH2NO2
 of m/z 60 with CCl4. The main product ion is
carbanions and chloromethanes
Products (m/z)
ine abstraction
Proton
abstraction
Nucleophilic
substitution
(SN2)
Other
ions
— — — —
— CCl3
 (117) — 42,46
(117) — — 42b
— CHCl2
 (83) Cl (35) —
— CCl3
 (117) — —
(117) — Cl (35) —
— CHCl2
 (83) Cl (35) 49,61
— CCl3
 (117) — —
(117) — Cl (35)b 49,61
le reactions of: (a) CH NO of m/z 60 and (b)ween
hlor
Cl3

Cl3

Cl3
olecu 2 2
sion energy.
2048 CHEN ET AL. J Am Soc Mass Spectrom 2005, 16, 2045–2051that of m/z 94 with an isotopologue of m/z 96 of one
third the abundance corresponding to CHClNO2
. The
assignment of this ion was confirmed by observing the
ion CDClNO2
 of m/z 95 in the spectrum shown in
Figure 1b for which the isotopologue carbanion
CD2NO2
 of m/z 62 was used. The fragmentation behav-
ior of the product ion CH35ClNO2
 of m/z 94 upon
collision with argon under 10 eV collision energy was
used for its further characterization. This process yields
just one fragment ion, Cl of m/z 35, see the inset in
Figure 1a, possibly by loss of the neutral carbene:
CHNO2 and in a good agreement with the formation of
Br of m/z 79 from the CID of CH79BrNO2
 of m/z
138 generated by negative chemical ionization of
CH2BrNO2 using isobutane as the buffer gas.
To form CHClNO2
 from the reaction of CH2NO2

and CCl4, the neutral product could be either a
neutral molecule of chloroform CHCl3 or two radi-
cals: H· plus ·CCl3. The latter possibility can be
excluded since this pathway is predicted to be endo-
thermic by 72 kcal mol1 by DFT calculations at the
B3LYP/6-311G(d,p) level. Loss of neutral chloroform
is, however, favorable in energy, that is, it is exother-
mic by 18 kcal mol 1 . Table 2 summarizes the calcu-
lated energies of the species in the reaction. It can be
seen that the formal hydrogen/chlorine exchange
between CH2NO2
 and CCl4 occurs, as shown in the
net reaction (eq 3). The ions of m/z 117, 119, and 121
in Figure 1a are attributable to the different isotopo-
logues of CCl3
, and another ion of m/z 42 likely arises
from the dissociation of the reactant ion CH2NO2
 by
the loss of H2O.
Table 2. B3LYP/6-311G(d,p) calculated energies for molecules a
Species
Energy
(Hartreesa)
Ze
CH2NO2
 (1) 244.4874087
CCl4 (2) 1878.9771155
HCCl3 (3) 1419.3755056
CHClNO2
 (4) 704.1206603
H● (5) 0.5021559
CCl3
● (6) 1418.7166789
CCl3
 (7) 1418.7973556
CH2ClNO2 (8) 704.6910491
[CH2NO2
CCl4] (9) 2123.4913040
[CH2ClNO2CCl3
] (10) 2123.5146422
[CHClNO2
CHCl3] (11) 2123.5183855
[CH2ClNO2
●  CCl3
●] (12) 2123.4364868
(34)  (12) —
(4  5  6)  (1  2) —
(7  8)  (1  2) —
(9)  (1  2) —
(10)  (1  2) —
(11)  (1  2) —
(12)  (1  2) —
a1 Hartree  627.51 kcal/mol
bCorrected E  E 0.9806  Zero-point E
cNot appliedCH2NO2
CCl4¡CHClNO2
CHCl3 (3)Scheme 4 proposes a mechanism for this novel
hydrogen/chlorine exchange reaction. CH2NO2
 is ini-
tially attracted to neutral CCl4 to form a transient
complex [CH2NO2
  CCl4] and this complexation
releases 16 kcal mol1 (Table 2). A subsequent intermo-
lecular transfer of Cl from CCl4 to CH2NO2
 (i.e.,
nucleophilic attack on chlorine of CCl4 by CH2NO2
)
occurs to produce a second complex [CH2ClNO2 
CCl3
] and this step is also thermodynamically favor-
able, that is, it is exothermic by as much as 30 kcal
mol1. The possibility of Cl transfer in the initial
complex can be excluded on Coulombic grounds. An-
other alternative pathway of chlorine radical transfer is
also unlikely since the calculations show that the for-
mation of the complex [CH2ClNO2
·  CCl3
· ] is endo-
thermic by 17 kcal mol1. The remaining possibility,
Cl transfer, is considered likely. In the literature,
intermolecular chlorine cation transfer was also previ-
ously proposed to occur in the condensed phase from a
N-chloroanilinium ion to an aniline [21] and from CCl4
to PPh3 [12] as mentioned earlier. In the case being
discussed, a subsequent intermolecular proton transfer
takes place within the second complex [CH2ClNO2 
CCl3
] to form a third complex [CHClNO2
  CHCl3]
and the hydrogen/chlorine exchange products,
CHClNO2
 and CHCl3, thus arise from the dissociation
of the third complex. The exothermicity of the forma-
tion of the third complex [CHClNO2
  CHCl3] from
CH2NO2
 and CCl4 is 32 kcal mol
1. Overall, in this
reaction, the exchange of chlorine and hydrogen is
stepwise and occurs via three ion-neutral intermediate
complexes, in a mechanism very similar to that reported
for the hydrogen/deuterium exchange in the gas phase
ations in the hydrogen/chlorine exchange reaction
int energy
trees)
Corrected energyb
(Hartress) E (kcal/mol)
35501 244.4525964 —c
09216 1878.968078 —
19787 1419.356102 —
27217 704.0939713 —
00000 0.5021559 —
07007 1418.709808 —
04786 1418.792662 —
41223 704.6506258 —
45643 2123.446546 —
46468 2123.469076 —
47170 2123.472131 —
44162 2123.393182 —
— — 18
— — 72
— — 14
— — 16
— — 30
— — 32
— — 17nd c
ro-po
(Ha
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0[22]. Interestingly, no further H/Cl exchange occurs to
heme
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, probably because with one more elec-
tron-withdrawing Cl atom, CHClNO2
 is less nucleo-
philic than CH2NO2
. Note that as Scheme 4 shows,
energy barriers might exist in the conversion from the
initial complex to the second complex and from the
second to the third complex. The latter two complexes
are stabilized by hydrogen bonding (Scheme 4).
Another product ion, CCl3
 of m/z 117, is also observed
in the spectrum of Figure 1a, and this ion is probably
formed by direct attack on a chlorine atom of CCl4 by
CH2NO2
. The exothermicity for the formation of CCl3

from reactants CH2NO2
 and CCl4 is 14 kcal mol
1.
Direct nucleophilic attack on a halogen atom in an
organic compound by an anion has been described for
both condensed- [11, 23] and gas-phase reactions [24].
For example, -chlorination to the carbonyl compounds
effected by CCl4 in basic media involves the nucleo-
philic attack on a Cl atom of the CCl4 by the interme-
diate carbonyl anion and the reactivity increases with
decreased delocalization of its negative charge [23].
Nibbering et al. reported that nucleophilic attack on a
chlorine atom is the exclusive reaction of the allyl anion
with CF3Cl in the gas phase [24].
As seen from the discussion above, the carbanion
CH2NO2
 is further functionalized via a simple reaction
with CCl4. Potentially, this reaction could find synthetic
applications in solution since the CH2ClNO2
 may sub-
sequently undergo a Henry/nitroaldol reaction. In the
gas-phase reaction between OH and CCl4 to form Cl

and CCl3
 performed in a FT-ICR mass spectrometer,
Nibbering and coworkers observed hydrogen/chlorine
exchange products of OCl and CHCl3 as the minor
products [25].
We also examined the reactions of carbanions
CH2CN
 of m/z 40 and CH2S(O)CH3
 of m/z 77 with
CCl4. To our surprise, unlike CH2NO2
, both CH2CN

and CH2S(O)CH3
 form fairly weak hydrogen/chlorine
exchange products CHClCN of m/z 74 and CHClS-
(O)CH3
 of m/z 111 with CCl4. Instead, Cl
 and CCl3

were observed in both cases. The formation of Cl
Sccould be due to either dissociative electron-transfersince cyanomethyl radical has a lower electron affinity
(1.5 eV) [26] than CCl4 (2.0 eV) [27] or from the
nucleophilic displacement of CCl4 (SN2 mechanism)
because CH2CN
 is also a good nucleophile towards
formation of COC bonds. However CCl4
·, a common
intermediate in typical dissociative electron of CCl4
transfer [8], was not observed, indicating that the nu-
cleophilic substitution SN2 reaction might indeed be
responsible for the formation of Cl. Due to the pres-
ence of competitive nucleophilic substitutions, the hy-
drogen/chlorine exchange reactions of CH2CN
 and
CH2S(O)CH3
 with CCl4 are prevented. This can be
rationalized by the different electron-withdrawing ef-
fect of the substitution groups of the three carbanions.
Because nitro group has a larger electron-withdrawing
effect than cyano and sulfinyl groups [28], the nucleo-
philicity of CH2CN
 and CH2S(O)CH3
 toward CCl4 is
therefore higher than that of CH2NO2
. This rationale is
also supported by experimental evidence that another
competitive reaction with the hydrogen/chlorine ex-
change, the direct nucleophilic chlorine attack of CCl4
by CH2CN
 or CH2S(O)CH3
, forms an abundance of
CCl3
 signals as the main product in the reaction of
CH2CN
 or CH2S(O)CH3
with CCl4, analogous with the
observation of intermediate phenylchloroacetonitrile
PhCHClCN in the chlorination of phenylacetonitrile
PhCH2CN by CCl4 in the presence of sodium hydroxide
[29]. The distinct reactivity toward CCl4 can be used to
differentiate CH2NO2
 from CH2CN
 and CH2S(O)CH3
.
All three carbanions have similar reactivity towards
chloroform (CHCl3) and form exclusively CCl3
 of
m/z 117 by proton abstraction, as Figure 2 exemplifies
for the reaction of CH2NO2
 and CHCl3. This reactivity
is analogous with the reaction of O· with CHCl3 [9, 10].
However, when CH2Cl2 is chosen as the neutral reac-
tant, both proton abstraction and nucleophilic displace-
ment are observed to form CHCl2
, m/z 83, and Cl, m/z
35, in the reaction with CH2CN
 and CH2S(O)CH3

while CH2NO2
 is inert. Again, these results suggest
that the nucleophilicity of CH2NO2
 is the lowest among
4the three carbanions.
2050 CHEN ET AL. J Am Soc Mass Spectrom 2005, 16, 2045–2051Conclusions
Investigation on the gas-phase ion/molecule reactions
of three typical carbanions with chloromethanes shows
that CH2NO2
 reacts efficiently via a novel hydrogen/
chlorine exchange pathway with CCl4 to yield
CHClNO2
 and CHCl3 likely via a complex in which
chlorine cation transfer and subsequent proton transfer
occurs. By contrast, CH2CN
 and CH2S(O)CH3
 have
much lower hydrogen/chlorine exchange reactivities
with CCl4 due to the presence of competitive nucleo-
philic attack on both carbon and chlorine of CCl4. The
conversion of CH2NO2
 into CHClNO2
 via this simple
H/Cl exchange reaction might be worthy of extension
to the investigation of carbonOcarbon bond formation
reaction by further reacting CHClNO2
 with electro-
philes such as aldehydes. All three carbanions react
with CHCl3 via proton abstraction. For the reactions of
CH2CN
 and CH2S(O)CH3
 with CH2Cl2, both proton
abstraction and nucleophilic displacement products are
predominant owing to the high nucleophilicity of these
carbanions.
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